INTRODUCTION
The advantages of solid-state lighting (SSL) over conventional light sources include mercuryfree materials, physically robust devices, long lifetimes, and high efficiencies. 1 3 High efficiencies, even at elevated temperatures (≈500 K), make them suitable for high-power lighting devices. 4 Currently, the most widely investigated compound that meets these design criteria for white-light phosphors is cerium-substituted YAG, (YAG:Ce 3+ ). 5 Although progress has been made in the development of this and other oxide phosphors for SSL, phosphors with outstanding optical properties are still sought, and the atomic-level origins of their properties remain poorly understood. 5 To complement the general criteria for high performance described above, additional design rules are sought that will enable the identification of new candidate phosphors with improved photoluminescence properties.
The pursuit of thermally stable phosphors with high quantum yields has recently focused on materials with dense polyhedral bonding networks. 6 Structures with dense packing of polyhedral units tend to have rigid bonding networks that prevent non-radiative relaxation from excited states (e.g., via vibrational relaxation). One phosphor that fulfills the design criteria for high efficiency is Ce 3+ -substituted CaSc 2 O 4 , the preparation of which has been reported by using a variety of methods, including laser-heated pedestal growth, 7, 8 combustion synthesis, 9 or conventional hightemperature methods. 10 This host material (CaSc 2 O 4 ) has also been made luminescent by doping 4 4 with Eu 2+ , 11 Er 3+ , 12 Ho 3+ , 13 Tm 3+ , 14 and by co-doping Ce 3+ with Tm 3+ /La 3+ /Tb 3+ , 15 and Yb 3+ . 16 It has also been investigated for use as an up-conversion phosphor. [17] [18] [19] [20] Based on X-ray scattering analyses, 21 the host structure, CaSc 2 O 4 , depicted in Figure 1 , contains distorted ScO 6 octahedra that form a three-dimensional network of edge-or corner-sharing polyhedra. Moreover, the high charge-toradius ratio of the 8-coordinated Ca 2+ site provides additional rigidity to the structure that should further improve the photoluminescent quantum yield (PLQY) of the compound. 6 45 Sc NMR spectra were acquired by direct 8 8 excitation of 45 Sc nuclei by using a one-pulse sequence with an excitation pulse of 44.6 kHz radiofrequency (RF) field amplitude and 1.4 µs duration. Spin-lattice (T1) relaxation times were measured by using a saturation-recovery experiment comprised of a saturation sequence of 50 pulses separated by delays of 3 ms and a variable recovery delay taking 20 values from 10 ms to 60 s.
Quantitative 1D spectra were acquired using a one-pulse sequence with 64 scans and recycle delays of 54.4 s (x = 0), 53.6 s (x = 0.005), 48.7 s (x = 0.010), and 43.5 s (x = 0.015). All 45 Sc shifts were referenced to a 1 M aqueous solution of Sc(NO 3 ) 3 . Additional 45 Sc NMR spectra were acquired with a higher repetition rate to filter 45 Sc signals based on their T1 relaxation times. For such spectra, 32768 transients were acquired with a recycle delay of 100 ms to enhance the signals from fasterrelaxing 45 Sc nuclei in close proximity to paramagnetic Ce 3+ cations, which therefore exhibit shorter T1 values. Two-dimensional (2D) 45 Sc MQMAS spectra 30 were acquired by using a triple-quantum (3Q) pulse sequence with a z-filter. 31 The 3Q excitation pulse and the pulse used to convert triplequantum coherence back to z-magnetization had RF field amplitudes of 141 kHz and were applied for 1.5 µs and 0.5 µs, respectively. The final low-power 90° pulse had a 44.6 kHz RF field amplitude and a duration of 1.4 µs. The time increment in the indirect dimension was 50 ms, and 64 increments were acquired using the States-Haberkorn-Rubens method to obtain pure-phase line shapes and frequency discrimination. 32 96 transients were acquired per t 1 increment. The data were sheared in the time domain during processing. 33 Spectra were acquired without active temperature control for all materials, resulting in an estimated sample temperature of 360 K. To assess the temperature-dependence of the paramagnetically displaced 45 Sc signals, a spectrum of one material (x = 0.015) was acquired by using a variable temperature Bruker BCU-X cooling unit with a N 2 flow of 1335 L/hr and a set-point of 243 K, resulting in an estimated sample temperature of 300 K under the fast MAS (60 kHz) conditions used. Solid-state NMR spectra were modeled and the NMR parameters were extracted by using the simulation program DMFIT. Ca shifts were referenced to 1 M CaCl 2 (aq).
Electron Paramagnetic Resonance (EPR) spectroscopy. EPR spectra were collected on a Bruker X-Band EPR spectrometer (ν = 9.486 GHz) equipped with a helium flow cryostat. Samples were placed in silica tubes, and spectra were acquired at 4 K and with 6309 mW microwave power.
Spectral simulations employed the EASYSPIN code implemented in MATLAB, 35 with a correction included for field-dependent relaxation effects. and dilute range, e.g., x = 0 to 0.015, leading to a high quantum yield of 85% when 0.5% of Ce 3+ (x = 0.005) was substituted into calcium scandate (Figure 2b , spectra in Supporting Information, Figure   S2 ). Interestingly, the quantum yield decreased dramatically to 60% and 31% with substitution of modestly higher loadings of 1% Ce 3+ and 1.5% Ce 3+ , respectively. Such an abrupt decrease in the PLQY with increasing Ce 3+ is likely to be due to either structural distortions arising from incorporation of the larger Ce 3+ ions into smaller Ca 2+ sites or the formation of anionic defects stemming from charge imbalance; these both inhibit photoemission and are consistent with the lower quantum yields observed. The optical properties of these materials, furthermore, exhibit high thermal stabilities, as manifested by temperature-dependent photoluminescence spectra and analyses shown in Supporting Information, Figure S3 . Rietveld refinement of synchrotron X-ray data ( Based on the scattering data available, however, it is not possible to determine the occupancies of Ce 3+ ions within the phosphor structure, due to the low extents of substitution (≤1.5%) and the lack of long-range Ce 3+ order.
RESULTS AND DISCUSSION
By comparison, the size of the atomic displacement parameters, to which neutron scattering is particularly sensitive, have been recently shown to relate to the quantum efficiency of a phosphor. 4 Rietveld co-refinements of the synchrotron X-ray scattering results (Figure 3a ) with time-of-flight neutron data in Figure 3b enable Figure S1 , consistent with similar analyses 46 conducted at lower field, 11.7 Tesla), they are well-resolved in the 2D z-filtered 45 Sc triplequantum (3Q) MAS NMR spectrum in Figure 4 . This spectrum was acquired under very-high field conditions (23.5 Tesla), which mitigate contributions from anisotropic second-order quadrupolar interactions that are associated with the spin I = 7/2 45 Sc nuclei, yielding resolved signals from the two distinct 45 Sc sites. The 2D 45 Sc MQ-MAS spectrum correlates anisotropic (MAS) and isotropic spectra, from which the isotropic 45 Sc chemical shift ( iso ), the quadrupolar coupling constant (C Q ) and the quadrupolar asymmetry parameter (η Q ) were extracted for each of the two 45 Sc sites by fits of each of the signals in their respective isotropic and anisotropic dimensions. These results (which are summarized in Table 3 ) enable the assignments of the two signals to scandium sites Sc(1) and
Sc (2) and provide insights on the local coordination environments of the 45 Sc atoms in CaSc 2 O 4 .
Specifically, site Sc (1) is assigned to the lower frequency 45 The larger C Q value is consistent with the less symmetric local bonding environment of Sc (2), in line with the scattering analyses ( Figure 3 and Table 1 ). The minor deviation of the fitted lineshape near the center (ca. 147 ppm) of the experimental spectrum for Sc(2) (slice ii) is associated with uncertainty in the fitted value of η Q and reflects well-known difficulties in obtaining precise values 16 16 of this parameter. Nevertheless, the singularities at the edges of the lineshape, which are associated with the value of C Q , are reproduced with a high degree of precision. These results are also consistent with the larger bond-angle variance of 78° for site Sc(2), compared with 29° for Sc(1), as
determined by Rietveld refinement of the scattering data above. Table values were determined from fits to slices in the isotropic dimension of the 45 Sc MQ-MAS spectrum in Figure 4 .
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The incorporation of Ce 3+ ions into the calcium scandate structure influences the local environments of nearby scandium sites, even for low extents of Ce 3+ substitution. This is evident in the solid-state 1D 45 Sc MAS NMR spectra acquired at 360 K in Figure 5 for Ca Ca MAS NMR spectrum of Figure 6b . Figure 7a shows a fit to the EPR spectrum acquired for the material with the Because the synchrotron X-ray powder diffraction data did not indicate the presence of significant crystalline impurity phases, this may be from an additional distorted of Ce 3+ site or associated with a minor amount of disordered or defect species. As the concentration of Ce 3+ increases, this feature near 4800 G becomes more prominent, as shown in Figure 7b ; however, attempts to fit this signal by including a third Ce 3+ site were unsuccessful. Nevertheless, as distortions occur with Ce 3+ 22 22 incorporation, the probability of non-radiative relaxation increases and can explain the rapid decrease in quantum efficiency with increased Ce 3+ content. 
CONCLUSIONS

